The propagation dynamics of an atmospheric pressure plasma jet resemble that of a cathode directed streamer and are determined, in part, by the localised electric field in the streamer head. This contribution employs an optical spectroscopy technique based on the polarisation dependant Stark splitting and shifting of visible helium lines to non-invasively measure the streamer head electric field. It is demonstrated that the streamer head comprises of a high field region with a peak magnitude of ~24 kV.cm -1 which is followed by a low field region, ~9 kV.cm -1 , identified as the streamer tail. The application of varying polarity voltage pulses to supplementary electrodes placed along the axis of streamer propagation was shown to influence the streamer head electric and afford a level of control over the propagation dynamics of the plasma jet, a finding that has considerable application potential.
Introduction
Atmospheric pressure plasma jets provide a convenient means to deliver an abundance of highly reactive chemical species directly to a substrate; an ability that is especially useful for the processing of materials that are thermally liable or unable to withstand vacuum conditions [ 1 ] . A significant advantage of the plasma jet configuration over other atmospheric pressure plasma systems is the spatial separation between the region where plasma is generated from the region where the plasma species are applied, a characteristic that greatly contributes to the stability of the device. The transport mechanism of plasma species is highly dependent on the electrode configuration of the plasma jet and is typically driven electrically, as in the case of Dielectric Barrier Discharge (DBD) jet, or by a flowing gas, as in the case with coaxial plasma jet [2] . In the case of a DBD jet, it has been observed that the discharge takes the form of a fast moving ionisation front propagating at a velocity many orders of magnitude greater than that of the background gas flow [3] . This phenomenon, often termed a 'plasma bullet', has been the focus of intense experimental and computational investigations due to its unique physical characteristics [4] . Many studies have described the phenomenon as an ionisation front that shares many similarities to cathode directed streamers. Given that the propagation is confined to the helium-rich region exiting the jet capillary, the term 'guided streamer' was recently introduced by Boeuf et al. to describe the propagation process [5] .
As the transport of reactive plasma species to a downstream location is of considerable practical importance, the objective of this work is to examine how the propagation dynamics, and therefore the transport of reactive plasma species, can be influenced on a nanosecond timescale. Based on the assumption that the streamer tip has a net positive charge and is therefore cathode directed [6] , it is hypothesised that the application of an external electric field influences the streamer head electric field affording a level of control over the propagation dynamics. Similar techniques have been used previously to manipulate the velocity and direction of propagation [ 7 ] , [ 8 ] . Indeed, it has been reported that the application of a positive voltage pulse to supplementary electrodes placed along the axis of streamer propagation leads to a reduction in propagation velocity, while a negative polarity voltage pulse leads to an increase in propagation velocity [9] .
In order to evaluate the influence of an externally applied electric field on the streamer head electric field, this work employs polarisation-dependent Stark spectroscopy, a noninvasive technique with spatial and temporal resolution sufficient to characterise the electric 3 field profile of the streamer tip and streamer tail region. The technique, based on the splitting of visible helium emission lines was pioneered by Kuraica et al. and has been successfully applied to an atmospheric pressure DBD jet to obtain time-averaged electric field profiles [10] [11] . Time-resolved electric fields measured using the technique are shown to agree well with those measured in previous studies and those predicted using computational models. On application of a positive voltage pulse to the external electrodes a drop in the streamer head electric field was observed, confirming the experimental and computational results reported previously by Naidis and Walsh [9] .
Experimental Setup
The Dielectric Barrier Discharge (DBD) atmospheric pressure jet considered in this study is similar to that reported by Naidis and Walsh, and comprised of a quartz capillary 10 cm in length with a 2 mm inner diameter and 4 mm outer diameter, as shown in Subtracting the current waveform obtained with the plasma on from the current waveform obtained with the plasma off (no gas flow) effectively removes the displacement current to reveal the discharge current; however, it was found that the actual discharge current was embedded in noise generated from the high voltage pulsed power source. Following substantial filtering, discharge current pulses of 30 mA and 50 mA were obtained on the rising and falling edges of the voltage pulse respectively; such values are consistent with other studies of plasma jets operating in helium.
In order to make space and time resolved optical emission measurements the plasma jet and supplementary electrodes were mounted on a translation stage with a 25 mm travel 4 range in the direction of streamer propagation and 10 µm graduations. A linear polariser with an operating range of 400 -700 nm (Thorlabs LPVISE100-A) and UV lens (UV-VIS 105 mm Coastal Optics SLR Lens) were mounted between the plasma jet and spectrometer such that a 1:1 projection of the plasma plume was made on to the entrance slit of the spectrometer which was perpendicular to the plasma jet axis. The polariser was orientated such that light from the plasma was polarised in the axial electric field direction (polarisation). An Andor Shamrock 500 spectrometer with 50 cm focal length, 2400 g.mm -1 grating and 40 µm entrance slit was used in conjunction with an Andor iStar iCCD camera to record the optical signature of the discharge with a temporal resolution down to 1.2 ns and a spatial resolution of ~40 µm. For electric field measurements, the exposure time was fixed at 10 ns and each spectrum was comprised of 560,000 individual exposures.
Measurement of streamer head E-Field.
In order to measure the streamer head electric field an optical technique based on the polarisation-dependent Stark splitting and shifting of visible helium lines was employed. The technique, first applied to an atmospheric pressure plasma jet by Sretenović et al. [11] , enables the electric field to be determined based on the relative wavelength shift of the .E + 0.1316
Where ΔλAF, is the separation between allowed and forbidden components in nm and E is the electric field in kV.cm -1 [10] . In practise, not only the E-field shifted allowed and forbidden transitions are observed, but also a field-free (ff) component originating from the area where the electric field is negligible.
Spectral lines were fitted with a pseudo-Voigt profile; figure 3(a) shows the profile of the components is a consequence of the variation in E-field (from high to low) as the streamer head passes the observation point [11] . Given that the results presented in 3(b) are obtained using a short exposure (10 ns) it is surprising that the FWHM of the forbidden and allowed components do not have a comparable FWHM to the ff component. The broadening observed in the time-resolved measurements could indicate a lack of spatial resolution whereby both a high and low field region was observed simultaneously. Based on the simulation results of streamer head electric field presented by Naidis and Walsh it is shown that the peak electric field reduces by ~10 kV.cm -1 within 100 µm in the wake of the streamer head [9] . Given that the spatial resolution in this investigation is ~40 µm the simultaneous observation of a high and low field region is unavoidable. It is well known that the streamer head propagates at a lower velocity within the capillary (compared to when it propagates beyond the capillary) thus allowing multiple 10 ns exposures to be to be captured and the evolution of the streamer head electric field to be determined [12] . From 4(a) a clear shift of the forbidden and allowed components can be seen as the streamer head passes through the observation window. At time t = 0 ns, the electric field is found to be 23.56 kV.cm -1 using the three-peak fitting procedure describe previously combined with eqn. 1. Within 30 ns the measured electric field had fallen to 8.81
kV.cm -1 indicating that the streamer head had propagated beyond the observation window.
Emission at t = 30 ns is likely to be from the low field region of the streamer tail. The results are in good agreement with the ~21 kV.cm -1 presented in the earlier work of Sretenović et al.
[11], the 23 kV.cm -1 measured using a dielectric probe technique by Begum et al. [13] , and 6 in agreement with several recent computational investigations such as Naidis [14 ] , and
Boeuf [5] .
Computational studies have indicated that the electric field profile of the streamer comprises of a high field region at the tip of approximately 2 -5 mm in length followed by a low field tail region reaching back towards the powered electrode, a rapid drop in the electric field indicates the transition from streamer tip to streamer tail [6] . In contrast to the electric field profile, the electron density is high throughout the streamer tail and rapidly decreases at the streamer tip [9] . As helium excited states are predominately populated through direct electron impact, much of the high-field region at the streamer tip is inaccessible using polarisation-dependent Stark spectroscopy due to the low electron density and subsequent low emission intensity of the helium 492.19 nm line.
As the streamer tip propagates beyond the capillary the influence of the surrounding background gas has a significant impact upon the propagation dynamics [ 15 ] . Penning ionisation between helium metastables and nitrogen impurities at the boundary layer becomes an increasingly important factor [16] , and the laminar -turbulent transition of the gas flow leads to entrainment of air impurities in to the helium channel through turbulent mixing, a result of which is enhanced quenching and termination of streamer propagation [17] , [18] . under atmospheric pressure conditions the rotational temperature and gas temperatures are known to be close to equilibrium [19] .
Control of streamer head E-Field.
The application of an external electric field through the region in which the streamer head propagates has been shown to afford a considerable level of control over the streamer dynamics including both the direction and velocity of propagation, [7] , [9] , [20] . From an application perspective, the ability to electrically manipulate the streamer dynamics on a propagation velocity [9] . In this investigation ± 2 kV, 220 ns voltage pulses are applied to the external electrodes and the peak streamer head electric field determined as described in section 3.
With the external electrodes held at ground potential, a plasma plume was seen to extend approximately 2 cm beyond the exit of the capillary. The first observation point, 0 mm, was located approximately 2 mm inside the capillary and the final observation point was located 8 mm from the capillary exit. Optical measurements made >8 mm from the capillary exit were dominated by nitrogen emission making it considerably more complex to accurately determine the position of the forbidden component. Figure 5(a) shows the peak streamer head electric field with the external electrodes held at ground potential and when raised to +2 kV. Interestingly, with the external electrodes held at ground potential the peak streamer head electric field is seen to gradually decrease once beyond the capillary. Several previous studies have demonstrated that the streamer propagation velocity increases significantly as the streamer head exits the capillary [9] . The increase in velocity coupled with an unexpected decrease in streamer head electric field indicates that a complex interaction of many factors such as the streamer head radius, streamer head charge density and the level of impurity entrained in the feed gas play a role in determining the propagation dynamics.
From iCCD images (not shown) it is clear that the streamer head radius varies along the axis of propagation, reaching a maximum close to the capillary exit; this increase in volume corresponds with the reduction in streamer head propagation velocity. A similar correlation between streamer radius, propagation velocity and electric field has been reported in studies focusing on positive streamers in air [21] .
Application of a 220 ns positive voltage pulse approximately 200 ns after the rising edge of the plasma generating voltage pulse is seen to decrease the peak streamer head electric field by ~ 6 kV.cm -1 , it is hypothesised that this reduction is primarily responsible for the significant decrease in propagation velocity observed by Naidis and Walsh under very similar experimental conditions [9] . When the delay between the plasma generating voltage pulse 8 and the control voltage pulse, Δt, is varied from 200 ns to 500 ns, it can be seen that the position whereby the peak electric field decreases is shifted in space (and therefore time)
demonstrating an ability to manipulate the streamer head electric field on a nanosecond timescale. Figure 5 (b) highlights the impact of applying a 220 ns negative voltage pulse at a Δt of 200 ns and 500 ns; a clear increase in the peak streamer head electric field of ~5 -7
kV.cm -1 is observed depending on the time of application of the control pulse relative to the position of the streamer front. Given that the propagation dynamics of a DBD plasma jet are reported to be similar to that of a cathode directed streamer it is reasonable to assume that the application of a negative voltage pulse to a closely located electrode significantly enhances the localised electric field of the positively charged streamer tip leading to an increased propagation velocity (whilst maintaining a fixed streamer head radius). From 
Summary
This paper employs a polarisation-dependant Stark spectroscopy technique to measure the electric field of a cathode directed guided streamer produced by a DBD plasma jet. It is shown that the streamer tip comprises of a high field region which rapidly propagates beyond the observation point and is followed by a low field tail region, a structure that is highly representative of a cathode directed streamer. The measurements are in qualitative agreement with several recent experimental and computational studies. As the streamer head exits the capillary, an unexpected drop in the peak electric field is observed and is attributed to the varying physical characteristics of the streamer tip. Application of nanosecond duration voltage pulses to electrodes situated along the axis of streamer propagation is shown to yield and increase or decrease of the streamer head electric field that is dependent on the polarity, magnitude and time of the applied voltage relative to the plasma generating voltage pulse. In conclusion, this contribution has highlighted the potential of externally applied electric fields to manipulate the propagation dynamics of the plasma jet through the control of the streamer head electric field; a finding that has considerable application potential. 
